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a b s t r a c t

The efficacy of porphyrin binding to human serum albumin (HSA) is critical to clinical use in photo-
dynamic therapy (PDT). Several porphyrins were utilized to measure the effect of porphyrin structure
on its binding to HSA. Two categories of porphyrins were utilized: porphyrins with a hydrophobic and
hydrophilic side: Protoporphyrin IX (PPIX), Protoporphyrin IX dimethylester (PPIXDE), and Chlorin e6
eywords:
orphyrins
luorescence
inglet excited state

(Ce6) and porphyrins with hydrophilic substituents on both sides: Hematoporphyrin IX (Hme), Hemato-
porphyrin IX dimethylester (HmeDE), and Deuteroporphyrin IX dimethylester (DPIXEG). The following
methods were used for the analysis: Stern–Volmer quenching, fluorescence lifetimes, anisotropy, fluo-
rescence binding, and homogeneous studies. The results indicate that PPIX, PPIXDE, and Ce6 bind to HSA
efficiently, evidence that porphyrins bind strongly to HSA if they have a hydrophobic and hydrophilic side.

o HSA
not
ost–guest interactions
DT

Hme is thought to bind t
HmeDE and DPIXEG seem

. Introduction

Porphyrins are macrocycles composed of four pyrrole rings
ridged by four sp2 hybridized carbon atoms. The macrocycle is
lanar, fully conjugated and has a main conjugation pathway of
8 � electrons. These molecules are interesting photochemically
nd exhibit characteristics desirable for drug candidates in pho-
odynamic therapy (PDT). These characteristics include: chemical
urity, high quantum yield of singlet oxygen production, signifi-
ant absorption at longer wavelengths, preferential tumor location,
inimal dark toxicity, stability and the ability to dissolve in an

njectable solvent system [1]. Porphyrins exhibit characteristic
pectra with an intense Soret band (or B band) at 400 nm and usu-
lly four smaller Q-bands in the region between 500 and 600 nm.
t has been shown that porphyrins currently used in PDT are capa-
le of crossing the plasma membrane barrier of cells, in order to
e incorporated in the cytoplasm, thus making them viable drug
argets [2].

Protoporphyrin IX (PPIX) and Hemetaporphyrin (Hme) are
linically useful photosensitizers (PS) used in PDT of cancer and pre-

ancer legions [3]. It was in studying Hemetaporphyrin derivate
n the 1970s that researchers realized that porphyrins could go
eyond diagnostic agents, and in combination with light, had the
apacity for tumor destruction [4–6]. PDT is gaining in popularity

∗ Corresponding author. Tel.: +1 563 387 1684.
E-mail address: rincol01@luther.edu (O. Rinco).
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but likely to a lesser degree than the aforementioned three porphyrins.
to bind to HSA probably due to the lack of hydrophobic substituents.

© 2009 Elsevier B.V. All rights reserved.

as a clinical treatment of cancer [1,7–10], and thus understand-
ing relationships between potential PS and key biological hosts
is of interest. Upon excitation with the proper wavelength of
light, PS initiate photochemical reactions that lead to the for-
mation of cytotoxic compounds (e.g. singlet oxygen). Previous
studies have shown that at the time of PDT, PPIX is bound to
either proteins and/or membranes [11]. Though some previous
work has been done on the interaction of PPIX with proteins,
most of this work has focused on plasma proteins [12–14]. One
research group has focused on the binding of PPIX and PPIX pho-
toproducts to small immunoglobulins [15,16], which are believed
to be of importance for PDT [17]. The goal of the current study
is to expand on these findings by examining the role that por-
phyrin structure (Scheme 1) plays on their ability to bind with
human serum albumin (HSA). The series of porphyrins was cho-
sen in order to study the effect of having hydrophilic branches
on all sides of the porphyrin molecule (like Hme) vs. having a
hydrophobic side and a hydrophilic side to the molecule (like
PPIX).

HSA is a blood based protein that is used in drug distribution,
and as such, it is important to know the affinity of any drug candi-
date for albumin. Early work has been carried out on the binding
of Hme [18] as well as its derivatives [13] to HSA in addition to the

studies mentioned for PPIX above, but no study has focused on the
structural effect of the porphyrins in their ability to bind to HSA. It
has been shown that porphyrins prefer to bind to sub domain IIA
of HSA, which contains the lone tryptophan amino acid residue in
the protein [18].

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:rincol01@luther.edu
dx.doi.org/10.1016/j.jphotochem.2009.08.009
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cheme 1. Porphyrins under investigation: 1 Protoporphyrin IX (PPIX, X = OH), 2 Pro
X (Hme, X = OH), 5 Hematoporphyrin IX dimethylester (HmeDE, X = OCH3), 6 Deute

Understanding the binding of porphyrins to HSA is vital to the
uccess of these molecules being used in PDT, and the structural
tudy is of interest in fundamental research on host–guest photo-
hemistry. A systematic analysis of how altering the substitution
attern of the porphyrin will affect its ability to bind with HSA
as not been reported. This study uses a mix of fluorescence spec-
ral, quenching, anisotropy, binding and lifetime experiments to
resent the importance of a balance of hydrophobic and hydrophilic
ubstitution patterns in order to allow porphyrins to bind to HSA.

. Materials and methods

.1. Materials

Sodium iodide (NaI; Spectrum, 99%), sodium phosphate
Na2HPO4; Flinn), potassium phosphate (KH2PO4; Fisher Scientific,
9.5%), albumin from human serum (Sigma, >96%), dimethyl sul-
oxide (DMSO, C2H6OS; Acros), toluene (C6H5CH3; Fisher Scientific,
lass 1B), and methanol (CH4O; Fisher Scientific, A935), were used
s received. Millipore-Q filtered, deionized water was used for all
amples.

The following porphyrins were all used as received from
rontier Scientific: Protoporphyrin IX (PPIX, C34H34N4O4, >97%),
euteroporphyrin IX 2,4 bisethyleneglycol (DPIXEG, C34H38N4O8),

ematoporphyrin IX (Hme, C34H38N4O6), Protoporphyrin IX
imethylester (PPIXDE, C36H38N4O4), Deuteroporphyrin IX
imethylester (DPIXDE, C32H34N4O4 >97%), Chlorin e6 (Ce6,
34H36N4O6; >95%), Hematoporphyrin IX dimethylester (HmeDE,
36H42N4O6; >97%)
hyrin IX dimethylester (PPIXDE, X = OCH3), 3 Chlorine e6 (Ce6), 4 Hematoporphyrin
phyrin IX 2,4 bisethyleneglycol (DPIXEG).

2.2. Solution preparation

For most of the experiments outlined below, stock solutions of
the various porphyrins were prepared. Small amounts of the stock
solutions were injected into a 0.04 M phosphate buffer (pH 7.4) or
6 �M HSA. The stock solutions were prepared by dissolving a few
crystals of the porphyrin in solvent (DMSO (PPIX, PPIXDE, Ce6),
or methanol (Hme, HmeDE, DPIX)). The concentration of the por-
phyrins was between 5 and 10 �M. HSA solutions were prepared
by dissolving the appropriate amount of the protein in the pH 7.4
phosphate buffer. To examine a physiologically relevant binding, all
solutions containing HSA were heated to 37 ◦C for 0.5 h prior to any
experiment. Fresh quencher solutions were prepared daily. A 2 M
aqueous solution of NaI was used in the Stern–Volmer experiments
outlined below.

2.3. Fluorescence studies

For all fluorescence experiments, ground state absorption spec-
tra were recorded to assure the correct porphyrin concentration
(based on absorption). An HP 8452A diode array spectrophotome-
ter was used for all absorption measurements, and all samples
displayed absorbances between 0.08 and 0.12 at the wavelength
used for excitation in the fluorescence experiments. All samples
were contained in 10 mm × 10 mm quartz cells made from Suprasil

tubing.

Steady-state fluorescence measurements were carried out on
a Jasco FP-6300 Spectrofluorometer or an Edinburgh FS900CDT
T-Geometry Fluorometer (anisotropy measurements only). The
excitation and emission slits were set so that the emission inten-
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ity for each porphyrin was optimized. All samples were excited at
heir ground state absorption maxima (ca. 400 nm) and monitored
or a ca. 300 nm range above the excitation wavelength. The fluo-
escence spectra were corrected for the baseline spectrum, which
as a solution containing all components except the porphyrins.

his procedure ensured that artifacts, such as Raman emission of
he solvent, were subtracted from the fluorescence spectra.

Time resolved fluorescence measurements were carried out
n an Edinburgh mini-� compact lifetime system. The excitation
ource was a 405 nm picosecond pulsed diode light source (75 ps
ulse duration, 130 mW power, and 100 kHz repetition rate). The
mission was detected at the fluorescence emission maximum for
ach porphyrin. The interference filters were set so as to mini-
ize the collection time, and a maximum of 10,000 counts was

ollected for the channel of maximum intensity. The instrument
esponse function was measured using a millipore water sample.
he data were fitted (using Edinburgh tail fit software) to a mono-
xponential decay. In a few cases, a sum of two exponentials was
eeded, but each time this type of fit was needed to acquire reason-
ble fitting statistics it was noted that one of the two exponentials
ad a lifetime between 2 and 3 ns, and comprised less than 5% of
he signal (usually closer to 2% of the decay). Thus, only one lifetime
s reported for each porphyrin. The value of �2, the Durbin–Watson
DW) parameter, as well as a visual inspection of the residuals were
sed to determine how well the calculated decay fit the experimen-
al data. Fits were considered acceptable when the �2 value was
etween 0.9 and 1.2, and the DW value was greater than 1.7.

.3.1. Homogeneous studies
In the homogeneous experiments the porphyrins were dis-

olved directly in toluene or methanol, and the injection method
escribed in Section 2.2 was used to dissolve the porphyrins in
uffer and HSA solutions.

.3.2. Stern–Volmer quenching studies
3 ml of sample (porphyrin in buffer or HSA) was placed in a

0 mm × 10 mm quartz cell. The 2 M NaI quencher was then added
n increasing increments and a fluorescence spectrum was taken
fter each addition. A maximum of 300 �l of quencher was added
o any given sample. A Stern–Volmer plot was generated for each
tudy, with the fluorescence emission spectra area under the curve
n the absence and presence of quencher (Ao/A), being plotted
gainst the quencher concentration. All plots were linear and fit to
he equation Ao/A = 1 + KSV [I−], where KSV is equal to the product of
he quenching rate constant (kq) and the lifetime of the porphyrin
n the absence of quencher (�o).

.3.3. Fluorescence anisotropy studies
A solution of porphyrin in buffer was created at concentra-

ions appropriate to give absorbance readings of ca. 0.14 at the
xcitation wavelength for each individual porphyrin. 2.5 ml of this
orphyrin/buffer solution was used in each sample and diluted with
ml of additional solution. The extra 1 ml of solution varied in HSA
oncentration and lead to final samples with HSA concentrations
f 0–3 �M.

The samples were excited at the absorption �max, and the
nisotropy was measured over a 4 nm window centered on the flu-
rescence emission �max. The rotational mobility (r) was obtained

rom the software, theory of anisotropy can be found in the litera-
ure [19]. A plot of the raw data (r vs. [HSA]) allowed rF and rB to be
etermined. rF was the lower limit r value of the data and rB was
he r value at the high [HSA] end of the plot. Assuming no signifi-
ant change in the porphyrin fluorescence intensity upon binding
Fig. 1. Overlay plot of normalized fluorescence emission spectra of Ce6 in toluene,
methanol, buffer and HSA.

(R = 1), fB was calculated for each [HSA], according to Eq. (1).

fB = r − rF

R(rB − r) + r − rF
(1)

Once fB was determined for each solution, a double reciprocal
plot of 1/fB as a function of 1/[HSA] was created. A trend line was
fit to the plot, and the data was analyzed according to Eq. (2):

1
fB

= 1
Kb

1
[HSA]

+ 1 (2)

Kd, the dissociation constant, could then be calculated because it is
the inverse of Kb. Therefore, the dissociation constant was the slope
of the plot for each porphyrin.

2.3.4. Fluorescence binding studies
HSA shows a typical intrinsic fluorescence due to aromatic

amino acids (tryptophan in particular) when excited at 280 nm.
The addition of a porphyrin quenches the intrinsic fluorescence.
This quenching can be used to retrieve the binding parameters by
using the plot of log[(Fo − F)/(F − F∞)] against log[P], where Fo is the
fluorescence of the protein in the absence of PPIX, F is the fluores-
cence of the protein at a concentration [P] of PPIX and F∞ is the
fluorescence of the protein in solutions saturated with PPIX. The
slope of the plot yields the number of binding sites, whereas the
intercept y = 0 represents the dissociation constant [15,20].

3. Results

3.1. Homogeneous fluorescence studies

The purpose of performing homogeneous studies was to observe
the fluorescence spectra of the porphyrins in solvents of vary-
ing polarities and the relative change in fluorescence with change
in polarity. It was observed that all porphyrins studied displayed
a blue shift in their fluorescence spectra with increasing solvent
polarity as can be seen in Table 1. The experiments were carried out
in toluene, methanol and buffer. Since blue shifts were observed it
was reasonable to assume that if the porphyrin in the presence of
HSA showed a red shift, compared to the buffer spectra (Fig. 1), it
was possible that it was included within a binding site of HSA, which
is less polar than the buffer solution surrounding the protein. This
is in fact what was observed for all porphyrins except HmeDE and
DPIXEG. PPIX, PPIXDE, Ce6 and Hme all had �max of fluorescence
in HSA shifted to values between methanol and toluene and quite
drastically different from the �max in buffer. A red shift in fluores-
cence emission spectra of porphyrins upon complexation with HSA
is in agreement with previous reports for PPIX in HSA [14,15,20].
3.2. Stern–Volmer quenching studies

In most cases, the lifetime of a fluorescent probe molecule (like
the porphyrins in this study) is much shorter than the lifetime of the
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Table 1
Fluorescence emission maxima for the porphyrins in solvents of varying polarities to show whether or not red shifts in �max occur between buffer and HSA solutions.

Porphyrin Solvent �max (nm) Porphyrin Solvent �max (nm) Porphyrin Solvent �max (nm)

PPIX Toluene 635 PPIXDE Toluene 635 Ce6 Toluene 671
MeOH 630 MeOH 631 MeOH 664
Buffer 621 Buffer 623 Buffer 661
HSA 634 HSA 633 HSA 665
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Hme Toluene 628 HmeDE T
MeOH 625 M
Buffer 614 B
HSA 625 H

ynamic processes occurring between the probe and the host (HSA)
21]. As such, the probe molecules are able to report on the envi-
onment in which the probe is located, and point to a difference
n binding affinity for different porphyrins to HSA. Fluorescence
uenching experiments were used in this study to give an indica-
ion of the porphyrin’s incorporation within the HSA binding sites,
s the quenching rate constant (kq, Table 2) is a measure of the
ccessibility of the quencher to the porphyrin within HSA.

Deactivation of the singlet excited state of the various por-
hyrins was studied using sodium iodide (NaI) as a quencher [22].
ince the quencher used is in this study is an aqueous quencher,
t is expected that the quenching efficiency will be greater if the
orphyrin is not included in the binding site(s) of HSA than if it is

ncluded in a binding region. Upon addition of NaI, the fluorescence
mission intensity of all the porphyrins was observed to decrease.
he data from these spectra were analyzed in order to extract the
tern–Volmer constant (KSV) for the porphyrins in the presence
nd absence of HSA. Following the equation in Section 2.3.2, KSV
as obtained from the slope of the plot (Fig. 2).

The KSV is a product of the quenching rate constant (kq) and
he intrinsic lifetime (�o) of the porphyrin. Thus to truly discuss
he kq, fluorescence lifetimes of the porphyrins in the presence
nd absence of HSA were determined (Table 2). Once all the life-
imes were determined the quenching rate constant was calculated
y dividing the KSV by the �o of the porphyrins (Table 2). From
able 2, it can be stated that the kq for DPIXEG did not change
n the presence of HSA. Also, it appears that the kq for HmeDE
ncreases in the presence of HSA, though it is believed that there
imply is no change in the quenching between buffer and HSA, and

he numbers are within experimental error. For all of the other
orphyrins (PPIX, PPIXDE, Ce6 and Hme) a distinct decrease in
he value of kq upon the introduction of HSA was observed. The
ecrease in kq is attributed to the porphyrins being in a less acces-

able 2
luorescence parameters: Stern–Volmer constants (KSV) recovered from aqueous
uenching with NaI, intrinsic lifetimes (�o), and quenching rate constants (kq) in
he absence and presence of HSA. Number in parenthesis represents number of
imes experiment was performed, and errors are average deviations (2 trials) and
tandard deviations (more than 2 trials).

Porphyrin Solvent KSV (M−1) �o (ns) kq (M−1 s−1)

PPIX Buffer 30 ± 2 (3) 17.0 ± 0.5 (2) 1.8 ± 0.1
HSA 13 ± 4 (3) 14 ± 2 (3) 0.9 ± 0.3

PPIXDE Buffer 13 ± 2 (3) 17 ± 3 (3) 0.7 ± 0.2
HSA 4.6 ± 0.5 (3) 15.5 ± 0.1 (2) 0.30 ± 0.03

Ce6 Buffer 22 ± 9 (4) 4.3 ± 0.3 (3) 5 ± 2
HSA 20 ± 3 (4) 5.3 ± 0.3 (2) 3.8 ± 0.6

Hme Buffer 15 ± 2 (3) 16.75 ± 0.04 (3) 0.9 ± 0.1
HSA 9.9 ± 0.6 (3) 17.22 ± 0.06 (2) 0.57 ± 0.03

HmeDE Buffer 22 ± 3 (3) 16.8 ± 0.2 (3) 1.3 ± 0.2
HSA 37 ± 16 (3) 17.3 ± 0.3 (2) 2.1 ± 0.9

DPIXEG Buffer 12 ± 2 (3) 16.6 ± 0.1 (2) 0.7 ± 0.1
HSA 13.3 ± 0.2 (3) 17.0 ± 0.3 (2) 0.78 ± 0.02
e 626 DPIXEG Toluene 625
622 MeOH 622
613 Buffer 613
615 HSA 614

sible location for the aqueous quencher (i.e. within a binding region
of HSA).

A brief study to confirm the mechanism of quenching was
undertaken. In place of steady-state fluorescence quenching (plot-
ting Ao/A), two time resolved quenching experiments (plotting
�o/�) were performed. The experiments were performed on PPIX
(thought to be binding to HSA) and DPIXEG (thought to be excluded
from binding in HSA). In both cases, the KSV recovered for the plot
agreed with the values presented in Table 2 and thus, dynamic
quenching does appear to be the mechanism in this case, and inter-
action of the quencher and porphyrin in solution before excitation
is not likely.

3.3. Fluorescence anisotropy studies

The purpose of performing anisotropy studies was to deter-
mine the rotational mobility (r) and from that extract the binding
constant (Kb) from which the dissociation constant (Kd) for each
porphyrin was calculated. Fluorescence anisotropy is an exper-
imental measurement of fluorescence depolarization. When a
fluorescent molecule is excited by polarized light, the emission
given off is also polarized. The main cause of fluorescence depo-
larization is rotational diffusion of the fluorophore during the time
period in which it is in its excited state. Fluorescence polarization
measurements can be used to determine the rotational mobility of
the fluorophore [19]. If the porphyrin (in this case) is not bound
tightly, it is expected that it will be more freely rotating, thus the
rotational diffusion will be large. If the porphyrin is more restricted
(within the binding regions of HSA), the rotational diffusion will be
decreased with increasing HSA concentration, and a change in the
rotational mobility will be observed.

The experiments were carried out and fitted according to Eqs.
(1) and (2), and the data is presented in Table 3. PPIXDE’s fluores-

cence signal was too weak to perform anisotropy experiments to
any degree of satisfaction, thus these results cannot be analyzed.
HmeDE and DPIXEG showed no change in rotational mobility with
increasing HSA concentration, and thus it is believed that the rota-

Fig. 2. Stern–Volmer quenching plot of PPIX in the presence of buffer and HSA. Plot
of the fluorescence intensity in the absence and presence of quencher against the
quencher concentration.
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Table 3
Porphyrin binding constants to HSA recovered from fluorescence anisotropy exper-
iments. Number in parenthesis represents number of times experiment was
performed, and errors are standard deviations.

Porphyrin Kd (�M)

PPIX 0.8 ± 0.4 (6)
PPIXDE N/Aa

Ce6 0.93 ± 0.51 (5)
Hme 1.30 ± 0.06 (3)
HmeDE N/Ab

DPIXEG N/Ab

a Fluorescence signal too weak to obtain data.
b No change in rotational mobility observed.
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ig. 3. Binding of Hme and HmeDE to HSA measured from the emission of the pro-
eins. Plots are obtained by following the changes of protein intrinsic fluorescence
excitation at 280 nm).

ional mobility of these porphyrins was not affected by the presence
f the protein. PPIX, Ce6 and Hme all had measurable differences
n rotational mobility, thus appearing to be interacting with the
SA. Dissociation constants (Kd) were also calculated for the three
orphyrins which displayed anisotropic results. No great difference
as observed in the dissociation constants within error, however

he values for PPIX and Ce6 were always slightly lower than those
or Hme. Slower dissociation would suggest stronger binding to the
SA binding site(s).

.4. Fluorescence binding studies

The addition of porphyrin to solutions containing HSA caused
he quenching of the intrinsic protein fluorescence (due to amino
cid residues). Like the anisotropy studies above, protein fluo-
escence quenching can also be used to retrieve porphyrin–HSA
inding parameters (Fig. 3) [20]. The parameters obtained from
lots like Fig. 3 (Kd and number of binding sites) are consistent with
he presence of two binding sites (Table 4) and dissociation con-
tants similar to those published previously (for PPIX, 4.8 ± 5 �M)

15]. Dissociation constants are difficult to reproduce with great
ccuracy and many previous published numbers have large errors
ssociated with the values, thus it is a trend in the data that was
eing sought as well as support of the other information presented

able 4
inding parameters for porphyrins binding to HSA recovered from fluorescence
inding studies. Number in parenthesis represents number of times experiment
as performed, and errors are standard deviations.

Porphyrin Kd (�M) Number of binding sites

PPIX 2.6 ± 0.9 (4) 1.62 ± 0.07 (4)
PPIXDE 3.9 ± 0.3 (3) 1.7 ± 0.2 (3)
Ce6 2.7 ± 0.5 (3) 1.84 ± 0.09 (3)
Hme 3.1 ± 0.4 (3) 1.7 ± 0.3 (3)
HmeDE 7 ± 3 (4) 1.4 ± 0.2 (4)
DPIXEG 4.4 ± 1.7 (4) 1.8 ± 0.4 (4)
otobiology A: Chemistry 208 (2009) 91–96 95

in this paper. The value of the dissociation constants in the flu-
orescence binding studies differ from those recovered from the
anisotropy data, but the trend in data is similar. As can be seen
from Table 4, the Kd for PPIX, PPIXDE and Ce6 as a group are lower
than those of HmeDE, and DPIXEG. Hme appears to belong more
with the first group than the second. Again, the lower the disso-
ciation constant the more tightly the porphyrin is believed to be
bound to the HSA.

4. Discussion

The collective data presented in Section 3 suggests that binding
of the porphyrins to HSA is stronger when the molecule contains
a hydrophobic side and a hydrophilic side (PPIX, PPIXDE and Ce6)
than when the molecule is hydrophilic on all sides (Hme, HmeDE
and DPIXEG). Experiments on porphyrins with all hydrophobic
sides (i.e. octaethylporphine) were inconclusive due to solubility
issues and are thus not reported in this current publication. The
data suggests that a hydrophobic side of the molecule is necessary
to drive the porphyrin into the protein binding regions, and the
hydrophilic side helps with its ability to be soluble in the solution.

PPIX, PPIXDE and Ce6 show signs of being included in the HSA
binding site in all the experiments. In the homogeneous studies, the
fluorescence emission spectra in HSA was red shifted compared to
that in buffer. In the fluorescence quenching studies a decrease was
observed in the kq for all three porphyrins in HSA compared to the
kq value in buffer. PPIX’s value for kq was decrease by 50%, PPIXDE’s
value was decreased by 57% and the kq for Ce6 was decreased by
24%. In the fluorescence anisotropy, PPIXDE could not be evalu-
ated due to a weak fluorescence polarization signal. PPIX and Ce6
exhibited increasing restriction to rotational mobility with increas-
ing HSA concentration. Dissociation constants very close to 1 �M
were recovered from the anisotropy study for both porphyrins.
Thus, anisotropy suggests that these porphyrins are well bound in
an HSA binding site which limits mobility. Finally, in the protein
fluorescence binding studies, dissociation constants in the 2–3 �M
range were recovered for these three porphyrins, which were lower
than those recovered for HmeDE and DPIXEG. Lower dissociation
suggests that these porphyrins are more tightly bound to the HSA
binding sites.

The Hme data suggests binding to HSA, though potentially to
a lesser extent than the three porphyrins discussed above. The
homogeneous data shows a red shifted fluorescence emission spec-
tra in HSA compared to buffer. The quenching data showed a 37%
decrease in kq. In the fluorescence anisotropy study, a dissociation
constant just above 1 �M was recovered and this value increased to
3 �M in the fluorescence binding studies. It was noted that in any
comparison of Hme to PPIX or PPIXDE on a given day, the Hme Kd
was always larger than the other porphyrin’s recovered Kd. There
is no doubt that Hme binds to HSA, but the extent of the binding is
unclear.

The two other hydrophilic porphyrins (HmeDE and DPIXEG)
do not appear to bind with HSA. The initial homogeneous stud-
ies show little or no shift in the fluorescence emission maximum
between buffer and HSA solutions. In the quenching experiments
again, there is no change in the quenching efficiency of the por-
phyrins in the presence or absence of HSA. As noted previously
for HmeDE, it actually appears that the quenching rate constant
increases in HSA, but it is believed that the quenching efficiency
is truly the same as in buffer. Furthermore, though the quenching

experiments in HSA were all linear, the fits were not as good (based
on R2 values) as those in buffer. This is expected as the binding of
porphyrins with HSA leads to a more complicated system. The HSA
quenching data for the other four porphyrins had R2 values lower
(closer to 0.90) than the experiments in buffer (closer to 0.99). For
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meDE and DPIXEG however, the R2 values were just as good as
hose observed in buffer, again suggesting that these porphyrins
re residing in the buffer bulk as opposed to bound within HSA.
he anisotropic experiments were perhaps most convincing as no
hange in rotational mobility was observed over the entire range of
SA concentrations. The confusing data comes from the quenching
f the intrinsic fluorescence of the protein where the dissociation
onstants are higher than the other porphyrins, but the number of
inding sites recovered is similar to the porphyrins which appear
o bind to HSA. This lead to the belief that this study is perhaps
he least impactful of all attempted in the current work. The over-
ll trend in the data however is reasonably convincing. All of this
eads to the suggestion that porphyrin structures that contain some
ydrophobic moieties will increase the potential for the porphyrin
o bind with HSA.

One possibility to explain the slight differences in binding
etween the PPIX series of porphyrins and Hme would be binding
o different sites within the HSA molecule. To test whether or not
ither Hme or PPIX appeared to be binding to two different sites, a
tudy looking at fluorescence lifetimes at short and long timescales
nd at varying concentrations of HSA was carried out. The study
ooked at HSA concentrations between 0 and 6 �M and both short
nd long time scales were observed. All of the fits gave rise to the
ame lifetimes (reported in Table 2). Lifetimes were also checked
t various fluorescence emission wavelengths (sort and long) and
ll of the fits gave rise to the same lifetimes reported above. Flu-
rescence lifetimes of photosensitizers are often sensitive to their
inding location in biological systems, thus it is most likely that the
orphyrins are binding to one site preferentially in the protein. It

s possible that Hme is binding to a different site than PPIX.

. Conclusions

This study confirmed that the binding of porphyrins to HSA is
ncreased if the structure of the porphyrin contains hydrophobic
ranches as well as hydrophilic branches off of the tetrapyrrole
onjugated ring structure. PPIX, PPIXDE and Ce6 appear to bind
ost strongly with HSA. Hme, contains hydrophilic subsitituents

n all four branches and does appear to bind with HSA, but HmeDE
nd DPIXEG, which also contain four hydrophilic branches do not
ppear to be including in HSA binding sites. Though numerous
xperiments supported this result, the fluorescence anisotropy
tudy is the most definitive, showing a clear lack of binding for
meDE and DPIXEG.
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